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FOREWORD

These reports are submitted as justification of the design of components
for the Molten-Salt Reactor Experiment. This reactor experiment is being run
to establish and verify the operability, safety, and gserviceability of a molten-
salt reactor system which will be used as a basis for future power reactors.

The reports are written by the engineers having design regponsibility for
the various parts of the reactor system. An effort has been made in each case
to present the calculations upon which the design is predicated in a concise
cand lucid manner. No attempt has been made to achieve literary perfection.
Indeed the descriptive material has been kept to a minimum and an effort has
been made to present the analytical work in rather complete detail.

It will be noticed that the analyses primarily concern design point
calculations. Off design point studies are not included but will be used.
later to impose operational limitations on the system. The purpose of issuing
the design reports in this form 1s to make available to interested technical
persons the bases for the design of the components prior to actual initiation
of fabrication of these items.

Every attempt has been made to devise a conservatively designed system.
No component approaches high performance but the object has been to emphasize
ruggedness and conservatism throughout. Consistency of design has also been
attempted. One exception is encountered with the freeze flanges which, in
the interest of conserving space, were made adequate for the calculated loading
but not equal to the theoretical allowable load of the piping to which they
are attached. ’

Questions about the design report can be directed to the individual
authors of the reports or to the MSRE design section. Criticism of the
results or methods employed in the analyses is invited. It is the intention
of the MSRE Project to construct a reactor system which will conclusively
demonstrate the adequacy of the fluoride reactor system as a potential power
reactor concept. '
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MECHANICAL DESIGN OF THE MSRE CORE NO, 1
H. R. Payne
W. H. Ford - J. C. Moyers - H. S. Weber

INTRODUCTION

The MSRE core No. 1 was described and calculations to determine
the reactor vessel shell and head thickness were reported in MSR-60-48.
Since the publication of this letter a number of changes were made in
the design of the reactor, and new data on the alloweble deslgn stress
for INOR-8 were published. This core 1s redescribed here and the calcu-
lations are revised.

The reactor vessel shell and head thickness requirements are
determined by the rules of the ASME Unfired Pressure Vessel Code Section
VIII. The thermal stress in the shell and head and other critical
parts of the reactor, and the mechanical stress or material thickness
required to limit the stress to an acceptable value in these parts are
determined. The control rodsl are operated by an electric motor through
a Tlexible cable and are alr-cocled.

Appendix A is a 1ist of the design drawings for the MSRE core
No. 1.

DESCRIPTION OF THE CORE

The graphite moderator is composed of long (263~l/2—in.) blocks
having a 2-in. x 2-in. "square cross section” with fuel passages having
a 1.2-in., x 0.2-in. cross section cut in the four sides and filllets to
eliminate the sharp corners in the passages. These blocks placed
together give a fuel passage 1.2 in. x 0.k in. (fillets in the corners).
The graphf%gizo—fuel ratio 1s ~.225., The blocks rest on a graphite
lattice and are contained in a 1/h4-in.-thick INOR-8 shell (reactor core
shell). The lower end of the core block are dowel shaped and extend
through the graphite lattice. The holes in the lattlce are sized to
allow both angular and lateral movement between the core blocks and
lattice. The height of the core blocks and lattice is 65-1/2 in.
and the diameter of the bundle is 55-1/4 in. The 1/4-in.-thick shell
containing the bundle is 55-1/2 in. ID.

1l
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ffﬁ%ff;EE_EEWQZEE) sched-40 pipe. The 5-in.

D

The core blocks are restralned From excessive bowing by filve molyb-

: /L(L-
N /;!:"T:f ,- - ;
midplane, A sixth band at the top will retain the blocks in & close- ﬁ“Pij dees
packed bundle should the others fall, T
The core blocks on two diameters 90° apart extend 2 in. above the

others except for five at the center. INOR-8 bars placed alongside these

denum bands spaced over an 18-in.-long sectlon, symmetrical about the

two rows, fastened to the shell at the outer end, keep the core blocks
centerad in the shell. An 8-in. square frame at the center provides
access to five blocks at the center to be removed as samples. “Fhe-
INOR-8-slab-neutron-shield-which Had Feen piaced “@bove-the-core.-block:
has-been-removed "

The reactor vessel is made of INOR-8. It is 58 in. ID x 9/16 in.
thick and uses standard torispherical heads 60 in. OD x 1 in, thick.
This container encloses the reactor core shell and provides an annular
flow passage around the core shell for cooling i1t.

Fuel enters the reactor vessel through perforations in an B-in.
section of the reactor vessel wall at the top of the core ghell, the
inlet to the annular space between core shell and reactor vessel. The
perforations are spaced to provide good flow distribution to the annulus
(spacings checked experimentally), and the perforated plate is of suf-
flecient thiékness to provide the necessary strength to the vessel.

The perforations are enclosed by the outer half of a torus having the
Leyts e sched-40 pipe of the pri-
mary system joins the semi-torus tangentlally.

The fuel flows downward in a splraling motion to the lower vessel
head. The splraling motion i1s stopped before it enters the graphite
by radlal venes spaced around the outer periphery of the lower head.

The length of the vanes is epproximately 1/3 the radius of the vessel.
The velocity and pressure drop in the several regions of the reactor
are reported by R, J. Kiedl.2

The core outlet is & 10-in., x 5-in..sched-40 reducing tee. The
fuel leaving the reactor vessel enters the 10-in. run of the tee verti-
cally and exits through the 5-in. branch horizontally. The 10-in.
ran {10-in. sched-LO pipe) terminates at a flange outside the thermal

shield. A flanged plug f£ills the 10-in. run @bove the S5-in. branch.
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A thin annulus between the plug and pipe in which fuel salt is frozen

provides a seal con the reactor in addition to the ring Joint of the

flange.

Through the 10-in. plug are three thinmbles and & 2-1/2-in. sched-
40, plugged access with frozen fuel in the annulus similar to the 10-in.
The thimbles are 2-in.-0D x0.065-wall tube welded into the 10-in.

plug.
plug at the top, the capped ends extending to the lower end of the core

blocks.

These thimbles are penetrations for the three canned B4C con-
trol rods dilscussed by E. B. Bettisl in MSR-61- 53 Threrepotet
described inMSR-61.48: has been eliminated. in. favor-of-three-461lid

The rods are normally air-cooled; and calculations are presented

for the alr required to limit the temperature of the flexible hose, on
which the rod segments are threaded, to 1275°F.

Removal of the 10-in. plug provides access to the five full-length
graphite core block samples. Four additional samples 7/8 0D x 33 in.
long can be taken by removal of the 2—1/2—in. plug. These four samples

occupy the place of the upper end of one of the 2-in. x 2-in. core blocks.

I.

Mechanical Design of the Reactor Vessel Heads and Shell
1. '

Design conditions:
Pressure - 50 psig

'Lﬁ——rf/ “

-
" ’j’ s ﬁ

Temperature -  1300°F ,ux [)
8, - 2750 psi (allowable stress) ;;;éf}f/%

H]

I

il

1

Lt

Il

A%ea; n=1, 2, ---

Joint efficlency; E = 1

Inaside radius of dish

Design pressure

Axial load in the shell per inch of circumference
Inside radius of shell, head skirt, outlet nozzle
Allowable stress

Axial stress in vessel shell at the flow distridbutor
Arec length of reglon between holes in the flow distributor
Thickness of material required '

R

?
Id

;ﬁ”
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3. Thickness of the shell:3
£ = PR
N S&E - 016}?
- 20 x 29 iy
YT ZE0 c6 x50 C 7933 1n

Use 9/16-in.-thick plate.

L, Thickness of heads:3

PL
5 E - 1P
a

50 x 54
2750 -~ 1L x 50

t .98 in.

Use 1-1/8-in.-thick plate to insure a minimum
thickness of 1 in. at the knuckle.

5. Reactor vessel outlet reinforcement (10-in. sched-L0):

A. Thickness required in spherical region of the head:3

PL
V= 35
&,
50 x S B .
t Y B0 .5 x50 ~ ‘492 in.
3

B. Area of reinforcement required:

A = 2Rt
A = 2x5.02x .492 =,5.117 in.2

C. DNozzle thickness required:3

. - PR
- SaE - 0.6p
50 x 5,02
2750 x 0.6 x 50

o+
H

= 0.092 in.
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T 7 Tle—5.02 —
REACTOR VESSEL OUTLET NOZZLE\7.‘;,_5,/2,2_¢_
1A 5795
REACTOR VESSEL HEAD o ?
1%
.
7775
- 10. 040 f >

Fig. 1. Reactor Vessel Outlet Nozzle Relnforcement Area

D. BReinforcement area avallable without adding additional
metal (Fig. l).3 |

2(10.040 - 5.02) x@ 2 x .912(5.395 - 5.122)
1.306 x 5.02 + 1.824 x .273

A

I
11

7.053 in.=

Stress in the reactor vessel outlet nozzle due to piping

reactions and internal heat generation:

Both the mechanical and thermal stresses are determined
where the outlet tee joing the vessel head and two cages are
considered. One, the reactor is isothermal (zero power);
two, the reactor is at full power (10 Mw). The following
analysis wags made by H. S. Weber. TFigure 2 deplets the

reactions at the remctor outlet tee 7 in. above the joint

between the outlet tee and the vessel head nozzle.
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Reactor Isothermal - Case 1

| Y
My
3 /Yx F, = -81 1b
G X F = =36 1b
e K F - 13
, = 134 1b
MX = 488 ft-1p
F M = 288 ft-lb
E: y
//// Mz = 297 ft-1b

Fig. 2. Reactions at the Vessel Outlet--Isothermal Case

i
iﬂ""’”"’&'

A, Bending moment with respect to horizontalpplan% at the

Joint:
a M!'" =F £+ M

A X ya
: v 7. - b
b. MZ = 81 x 5t 297 34l £E-1b
¢ Mt! =F £+ M

X Z x _

- 13k x L. - -

d M ! 13k x 95 + 488 565 ft-1b
e. The resultant moment i1s

My = B 7 5 (002

£.M = \(354)2 + (565)2 = 661 f£t-1b

B, The axial bending stress due to.MR is
Me MR

5 = —3
b I
ig (B - %)



661 x 12 x 4 x 5.385 _
7(5.385% - 5.01%)

) =

1
o 62 psi

C. The axlal stress due to Fy is:

F
5 N A
al n{R% - r®)
8,1 = -36 = -3 psi (compression)

1(5.3852 - 5.012)

D. The stress due to the design pressure 1s:

a. tangential (circumferential)

PD

Sy = X
_ 50 x 10.02 _
St = Ty 3B ° 668 psi
b. axial
s . %
a2 =~ 2
668

Se2 = T2 = 3l

E. The shear stress is:

a. due.to torsion

16 %E D

Ssl
7(D* - a%)

If

s . - 16x288x10.77 _ o psi

&1 x(10.77% - 5.01%)

b. due to ¥ and F
b'e v

(7 F

8 = 2R3 _ .3y -
52 ot 1 x 3 (R% - 1)

J E)2+ (7)2 3; E; ;;




wm
]

V(Bl)e ¢ (134)2 5 L33 [5.385° - 5.00°
' ﬁx-375 5‘3854- - 5.014

82

26 psi

n

F. Combining the stresses, we have

a. axial
o, = Sal + Sa2 + Sb
o, = =3+ 334+ 462 = 793 psi

b. tangential

o = St
o, = 668 psi.
c shear
0s - Ssl * 882
o, = 57+ 26 = 83 psi

G. The principal stresses are determined as follows

Ga
T 0y =83 pst
Os
O't'-<——— r———s-O’t-:Géapsi
o
S
"
T = 793 psi

IF'ig. 3., BStress in the Outlet Nozzle at the Junction
with the Outlet Tee
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The maximum normal stress is

o+ G (o, - 0 )2
o, = _a__.L\__’E__?_a__ + 02
o = 1931668 \/(793 —668)° . (g3)=
o, = T31+ 104 = 835 psi

The maxinm shear stress is

(o = 0 )=
ot :\I_._.-p__.é__.g‘___..l.da

8

o1 - \]l£793 - 668) | (g3)2

There are no thermal stresses in the isothermal
condition.

= 104 psi

Reactor at Full Power--Case 2

Fig. L,

[W’
Fy
My
Mx F_ = 261b
—_— ¥ _
F, Fy 51 1b
F = 81 1bv
Z
Mz M, = 69 £t-1b
M = 603 ft-1b
y
M = -170 ft-1b

Reaction at the Vessel Outlet--Full Power Case



-10-

H. The moments and stresses determined as in the preceding

case (reactor isothermal) give the following results.

a.

b.

Cc

k.

1.

My =
5
) Sal -

St =

832 =

Ssl

S52

it

il

It

221 £t-1b
154 psi
I psi
668 psi
334 psi
120 psi
15 psi
492 psi
668 psi
135 psi
741 psi (maximum normal)

161 psi (maximum sheax)

The thermal stress 1s determined as'follows, assuming the heat

generated is transferred inward radlally and the heat genera-

tion rate 1s wniform across the wall.

Fig. 5.

Ta =1300°F ~ &

]

£

78 ]
—r=Q — 22;
Fﬁ——— r<b —s /// r=a4a ‘r=>5
r . 7/ur = 1300 &,
741-
/
/

Reactor Vessel Outlet Nozzle Thermal Stress Model
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Thermael stresses are determined for case 2 and conmbined

with the mechanical stresses.

The temperature dlstribution through the wall is given by
the following equation.k

2
b in ES

T = 1300 - %ﬁ +oap a

The tangential stress is given by the following.5

; 2 2 b T
Og = Of r_*+4a Trdr + Tyrdy - T2
(1-v)r? L b2 - a%
a a

a = 5,010-in. inside radlus of nozzle
b = 5.385 in. outside redius of nozzle
E = 24.7 x 10°

K = 13.05 Btu-ft/hr-ft2-°F

Q = 54,13 x 10® Btu/hr-rt°

r = radlus at any point hetween a and b
T = temperature st r

@ = 8 x107° in./in.-°F

v = .3

The tangential stress at r = b is

b

. OB 2 e @2, } |
Geb (1._1)) {be_aa af |:1300 - E{‘ + —EE—' in ‘E'; rdr -

Q , @%b

Integrating and substituting from the above values give

9y, = -423 pai
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M, At r = a, the tangentlial stress is
b
2 S ek B e
Y = 1300 - ji¢ + In = | -
b (1-v)a? b2 - a? L S a

a

(1300 -%)}

Integrating and subgtituting from the above

values glves

068. = 395 psi

N. The axial stresses determined in the same manner give the

following values,

395 psi

o
]

a
za

b. o

b -423 psi

il

0. The mechanical stresses are combined with the thermal sitresses
at r = a; to give the following meximum normal and sheay

atress.

Oa + 0,0 = 492 +355 = 887psi

rcé
Osa + C¢ -e——~J — 0t +0ga = 668+395=1063 psi,
Ts
—
"
O?L"‘O}a

Fig. 6. Combined Thermal and Mechanical Stresses at
r = a in the Reactor Vessel OQutlet Nozzle
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8., The meximum normal stress is

2
O, + O, + O + O
T * Oga ¥ % T g . \/( a 28 Ba)

2
6, = " ; + (cs)
o - 887 + 1063 N (887 + 1063)% '+ (135)2
2 \1 2
o, = 1136 psi

B. The maximun shear is

2
!(U + 0+ O + ce&)

\d a za, t + (0.)2
] 5 g

5! = \/(887 + 1063)% + (135)2

Q
1l

2

161 pei

Q
[

Flow distributor regilon of the shell
A. Assume uniform loeding per inch of circumference (w)
determined as follows. (See Fig. 7)

2
w = TR P _ RP
27R 2

W = 29_3_22;2 = T737.5 1b/in.

B. 'The axial stress in the smeallest areas is

s = s
Ay
g - 137.5 x (57/180) x 29.9 - 1055 pei

29.5 x (51/180) - (.75/8in 30°) ~



1k

/w.si

N
\L

VIEW ~A A"
SHAPE OF HOLE ON WALL SURFACE

Fig. 7. Segment of & Cross Section of the Shell at
the Flow Distributor Where Distribution Holes
are Closest Spaced
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8. Thermal and mechanical stress analysis of the reactor inlet

nozzle.

The following analysis was mede by J. C. Moyers.
) 4

s 26 .
372572
{ AREA (3
~ AN ~ N . . AN Y Y N N Y - N Y
< —— /=37 ] ~13, 7%
~ ~48 — 2 AREAD
R 2'3|65°

Deslign Condltions

£
Press, - 50 psig 9;
Temp. - 1300°F
Sa - 2750 psi

Fig. 8. Horizontal Cross Section of the Reactor Inlet Nozzle

A. Analysis of Pressure Stresses - (Use "Design of Piping Systems,"
W. M. Kellog Co.)

Ares C)

22

13.7 x 2.76h + 13.7 ; 12.39 4,115 ; 1.083

~ 71.8 in.%

Area (@ % x(34.1152 - 302)(£§g§2) + % x 5.5 x 2,657 + 6.8 x 2.590

N ET7.1 in.2
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i

13.7 x 0.375 = 5.1k in.%

(6.8)(.375) + k.75(.322)
Ih.08 in.2

Ares, ()
Area C)

na2 u?

P (AC> + 1/2 ACD) _ 50 (7.8 + 2.57)
3 AC) 5.1b

i}

i

723 psi (tangential tension)

P (A(:> + 1/2 A(;)) 50 (67.1 + 2.0k4)

A .08
O L.0

847 psi (tengential tension)

I

Longitudinal pressure stress in the nozzle:

PD _ 50 x 5.047

g = W - T x 33 - 168.3 psi (tension)

Piping Reactions on Nozzle (furnished by Ramsey, 5-19-61)
Isothermal Condition

Fx = + 81 1b Mx = +702 ft-1b
Fy = '+ 36 1b My = 4613 f£-1b {(bending)
F = -134 1v M, = 4513 ft-1b,

Combined M _and M (torsion) = 870 ft-1b (torsion)

Operating Temperature

F . = -26 1b M o= +460° £1-1b
Fy = =51 1b My‘ = +547 f£t-1b (bending)
F, = -87 1» M, = -25k ft-1b

Combined M_and M, = 525 ft-1b (torsion)

Use right-hand Tule for slgn of moments.
Y Transposing to axial & transverse axes

FA = Fx cos 337 + FZ cos 57T

Fp = \ﬁF&)Eﬁ(Fx sin 33° - F, sin 57°)%

X
z x€> TV " It may be desirable to have transverse
a ”_,7
\\ force in 1its horizontal and vertical
A

components - FH = Fx sin 33° - FZ gin 57

Axis Orientation F._=F
v ¥
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For Isothermal Case: For Operating Temperature Case:
Fy = +81 cos 33° + (-~134)cos 57° F, = (-26)cos 33° + (-87)cos 57°
= 67.9 - T3 = -21.,8 - 47,k
= -5.1 1b (compressive) = -69.2 1b (compressive)
Fy = 81 sin 33° - (-134)sin 57° Fy = (-26)sin 33° - (-87)sin 57°
= k.1 + 112.5 = -1h.2 + 73
= +156.6 1b = +58.8 1b
Fy =+ 36 1b Fy = -51 1b
Fp = \1(36)2 + (156.6)2 = 160.7 1b Fpp = \1(58.8)‘2 + (-51)% = 77.9 1b

Stresses Due to Piping Reactlons on Nozzle

B. ©GStress due to axial thrust of piping:
Axial load will be distributed elastically along the welded

J?E?ﬁ??ﬁwgﬁnig?fEQFﬁﬁandniﬂﬁﬂﬁé?ﬁﬁ;qSQNthe,sﬁr35§ from this load

should become insignificant shortly after the._junction starts.

The minimum metal area where the entire. load appears is at the

nozzle end. The stress at this point is

-69.2 1b :
Smaxo . = P/A = ngE_EETE = - 10.9 psi (longitudinal compressive )
Smax = -.8 psi
iso

C. Stress due to horizontal transverse reaction and Y moment
Check of_stress at sgtrut -
Assume zero:.rigildity of nozzle at juncture with torus (l.e.-

strut carries all the load). This is ultre conservetive. ~
Compressive stress in strut = éBSég X lg'g = 81.1 pei (is0.)

30.5 psi (o0.t.)
Shear stress in nozzle 156.6 12.3 _

I

at strut = 45.8 psi (iso.)

11.8x.375 * 9.5
17.2 psi (o0.t.)

Bending stress due to reaction and Y -moment

Ignore strut and take stress at beginning of junclture (L = 6.8 in.)



-18-

For isothermal case, bending moment = 613 + 6 8 x 156.6
= 702 £t 1b
For operating temperature case, moment = 547 + 6 8 x 58.8
| = 580 £t 1b
Bending stress = M%

,p.

= E (3.032% - 2.657%) = 27.6 in.

= 3.032 in.

702 x 12 x 3.032
27.6

Bending stress = 927 ?si (tension on outside)

iso (compression on inside)

It

766 psi (o0.t.)

Check of stress at pipe-nozzle juncture (smaller moment but
smaller pipe)

I E (2.899* - 2.524%) = 23,5 in.%

2,899

Bending stress =

c

[}

613 x 12 x 2.899
23.5

1

ok8 psi (tension outboard
(is0) compression inboard)

1

846 pst  {tension outboard
(o.t.) compression inboard)

D. Bending stress due to ¥ reaction:
For isothermal case:
36 x 6.8 x 3.032

3] 576 = 26.9 psi (compression top, tension
: bottom)

Tor operating temperature case:

S = _3 X 26 9 = 38.1 psi (tension top, compression bottom)

E. GShear stress due to torsion from piping:

T
S = &~
(o]
7, T((DO& - Di4)
o

16D
o
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_ x{5.797* - 5.047%) _ a
Zo(end) = BB = 16.25 in.

_ n(6.064% - 5.314%) 3
ZO(Juncture) = 16(8.00%) = 18.08 in.

FPor the isothermal case:

870 x 12

Ss(end) = ~18.55 = 642 psi
Ss(juncture) = §Z%8¥5ég = 578 psi

For operating temperature case:
525 x 12

Ss(end) = —w = 388 psi
Ss(juncture) - 22%8¥6%g = 348 psi

Shear stress due to transverse plpe reactlons:
2(2.899% - 2.524%)
©(3.139% - 2.764%)

1§

Nozzle shear area at end

Nozzle shear area at junction

For the isothermal case:
_ 160.7 _
Ss(end) = g‘:’é“ﬁ:— = 25.}-1- psi

Ss(juncture) = %?gil = 23.3 psi

For the operating temperature case:

- J7.9 _
Ss(end) = 6f§g = 12.3 psi

Ss(juncture) = %;§~ = 11.3 psi

PN

Thermal stresses due to ¥y heating:

7 heating rates (supplied by Nestor, 6-1-61):
Outside vessel at midplane = 0.0461 watts/cc
Outside vessel at top plane = 0.0131 watts/cc

fi

u

6.3% in.%
6.91 in.%
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To be conservative, since the nozzle 1s at an intermediate
location, use the midplane value (0.0461 w/ce = 2.33 Btu/in.®).

2
- _ .2, _'_,.___%_‘_Cl; T:—g—?%—-FCJ_X'i‘Cg

d 1
This assumes slab geometry and uniform internal heat genera-
tion. Assuming the outside of the pipe perfectly insulated,
the boundary conditions are:

ar
3% ©

H
o
@
"
1
(o
o
=
o
=
1
=]
ol
&
§
]
O
@
s
1l
o

Clz%";. C2=O

2
Then Tng(L}{-K-—)

Tangentlal thermal stress, Ty

A

b

T
oF 1 24 g°
= '2 (r [\ Trdr + f Trdr - Tr2>
I‘ wr

1-v b2 . af J
a

a

Substituting the above expression for T and integrating,

)(r +8, )(Lbs _ Leb® :o_f_+ ab> ) a“pe . La®
l v(Kr 3 2 8 3 b 3

The maximum stress will ocour at r = & since that is the

cooler surface and the temperature gradlent is steeper there.

o ( )(Lb 3 Lab® 1£+ abs‘ _ a%® . La® . a*
%2 (1 vIK\ b2-a2 8 3 l 6 24
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Assuming pipe mean temperature is 1300°F,

o= T7:98 x 1076 °p"1 K =
E = 24,7 x 10° psi L =
v=0.3 a =
Q = 2,33 Btu/in.%-hr b=

Solving the above equation,
Ogg = 17 psi
The axial stress, o,

b

e 2 ‘jf Trdr - T >
1-v\ bZ - a®

a

Substituting for T and integrating,

1.09 Btu/in.-hr-°F
0.375 in.
2.524 in,
2.899 in.

s - OB 2)(@ (IﬁﬂLaba_gi+ab3_aab2+La3
E o 1.v\p2a@/\g/\ 3 2 8 3 i 6
2 2
-~ Lr + la + — - ra + 2=
2 2

At r = &, where the stress 1s maximum, g, = Og = 17T psi

Summagy of stresses:

Isothefmal case:

Source Axlial Tangential
Pressure +168.3 "48l7
Axial thrust - 0.8 -
Hor. reaction + Y moment +gL8 -
Bending from Y reaction + 26.9 -
Piping‘torsion - -
Thermal ' - -
+1347. 4 +8h7

Shear

b5.8

6h2

687.8
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Operating temperature case:

Source Axial Tangential Shear
Pressure +168.3 +8hT -
Axial thrust - 10.9 - -
Hor. reaction + Y moment +8L6 - 17.2
Bending from Y reaction + 38.1 - -
Pipe torsion - - 388
Thermal + 17

+1058.5 +864 Los5.2

Combining these stresses:

For the isothermal case:

Max normal stress = ;lgz-%rggz-% \k?EEELégjyfz)?+ 6882

997 + \[k715,594
1687 pei

I

Max shear = 690 psi

For the operatlng temperature case:

Max normal stress = 2022 ; Bok + vt1059 é 86&)2; 4os =

962 + \/173,531

"

1379 psi

" Max shear = 417 psi
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II. Thermal Stress in the Reactor Vessel Heads

The heads are treated as slabs with a varieble internal heat genera-

X .
One, the head is perfectly insulated on the outside. Two, the inside and

outside surfaces are at the same temperature.

tion rate of the following nature: Q_ = Qbe"“x. Two cases are consldered.

Case 1 - heads perfectly insulated outside:

&
N
- -

= - L/2 X

aT
ox

il

L/2

\ \

&3

x
= 3
1 !
o

I

f
o

\ 4
~e-','72-u-l7§—> 7;
LV
o LY/

/-_._/W

Fig. 9. Reactor Vessel Head Thermal Stress Model
Case 1

0
Q

B. ﬁz__g_epx (ref. k)

Ix® K
C. T=T -T = % { EML/a CeH/2 %EﬂpL/z" e ]

X o Kp| p )
/2 L/2
D, U=-QTE+ L X
67 " [T-v)" 2(1/2)(1-v) OFE & + S{E72)3 (i) [/ OFE x dx (ref. 5)

-L/2 -L/2



ol

- s ['-;.zx e'”L/E e“L/g 6xe'i“i'/2 61«:&”1'/2
e + - + +

On =
NERS UL uL uL? uL®
, 12 xeM/2 10 xe“L/E}
p2L3 p=LS
F. Q = 37.46 Btu/in.%-hr o = 8x107° i
(o} in.-"F
L = 1-125 in. E = 2)4_-7 x 106
o= 769 407" 5 gg Btu-ft
K = 12.68 ——=—
L? = 1.2656 in.? hr-ft2.°F
I® = 1.4238 in.® v o= 3
2 -
pf = 5914 in,"2
WL/2
AL = L8651 e = 1.541
W2L2 = 7485 M/ L gusg
G. At x = - L/2 substituting from the above values
R 1075 x 2.8 x 10° x 37;h6 x 12 [euL/a_ peTH/2 b2
.7 x 12.5 x (.769) A WL
e ML 2 g /2 }
- +
|J.2L2 P~2L2
_ 2 x 6489 b x 1.541 6 x 6489 6 x 1.541 }
= 14,139 x [15“1 S -3 I 1 CHN R 011
= 14,139 x .067 = 946 psi
H. At x =0

0y = 14,139 [1 + 7501 - 1.7812} = - LhO psi
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I. At x = L/2

il

%

n

Cage

b x 6489 2 x1.541 6 x .6489 6 x 1.541

1,139 {'6h89 tTTBET Y T LBesY YT T8 T .ThBS
14,139 x 0601 = 849 psi

2 - inslde and oubside surface at the same temperature

&

N o NP

Qo \\\\\ o
X x=0 x
<

n

I

L
/T;)x
sl < %
Xz O .
XD %
S N S, WY

Fig. 10. Reactor Vessel Head Thermal Stress Model
Case 2

% = G
Q
DT oo (rer, 1)
ox’ K
- -m ) = Wxsn/z) e M x 1 }
T= (g - 1) Kyu [ L -3 +v§5-3
L/2 L/2

0 = -oTE 1 \/P —
(1-v) 21:/2(J~-V)_L/2 2(L/2) (1 v)

-L/2

]

JF OTEXaX (ref 5)
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Q oE

e O | XL/ 2) L 16X 12X 16X 12X
Oy = [e” + e e - g SR
Kp2(1-v) L p.L2 HaL:a uL 2 uaLa
At X = - L/2 substiting from the values seéction II-1.F
oy = 14,139 [1 s 26 0k 6 ]
WL pfL® WL pfL?
= 14,139 x .Okk3 = 626 psi
At X =0
~pL
~ulf 2 e 1
092114."139{8“/ +Tif'—'ﬁ'ﬂil
= 14,139 x (-.0203) = -287 psi
At x = L/2
og = 14,139 {e"m"+ e ML E—-s»—s—z- 2 62J
NPT AT ¥

14,139 x .0k82 = 681 psi

i
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ITI. Thermal Stress in the Reactor Vessel Shell

The pressure vessel shell is treated as & long cylinder having a
variable internal heat generation rate of the following nature: Qr = Qoe"“r.
It is further agsumed that all heat generated within the shell flows
inward (shell perfectly insulsted). The tangential and the axial stress

is determined from the following equations.?

1. Tangential stress

o = Qo0 r® + a® [ae - bZ . hatl e-u(b-a) pbtl b3
6 - - - Ar—————
(1-v)Ku2r2 b2 . a? o u2 u2 3
2 3 '
4 Bab” par } ) e-u(r—a) [HT+1 + rz} ) e-p(bna) [_ pax’
2 6 s 2
3 6 ' 2 ue
2, Axial stress
g o - Q,0E 2 [ a? - pe , el e—u(b-a)' Wbl ub> N pabe
2 (1-v)gp? |p2 - a® b o2 n2 w3 2
: (r-2) (b-2)
- > } - [e"“ T-8) 4 p(r-n)e MO8 }
6

3. The stress is determined as follows.

1

“29 in. inside radius
29.562 outside radius
Radius to any point in shell wall
24.7 x 20 1b/in.? |
12.68 Btu-ft/hr-ft2-°F
3.92 Btu/in.®-br
8 x 10™° in./in.-°F

769 in."t
.3

1 H

il

1t

<'::Qo¢07<txiﬁc‘m
1

|-
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r = a, substituting from sbove, the tangential stress is

3.92 x 8 x 24.7 x 12 { 2 x 292 [292 - 29,5622
LT x 12.68 x .T69% x 297 29,5622 . 292 2

769 x 29 + 1 ~.T69 x .562( 769 x 29.5625 + 1 _ .T69 x(29.562)°
.T692 L7692 3

.T69 x 29 x 29.5625%  .769 x 29° ]
2 6

= -2.16*{51.1063 [- 16.4559 + 39.3997 - .649 (40.1305 - 6,622.2642

+

At

9, Tht.5535 - 3,125.8568)]

2,16 x 51.1063 x (-.7855) = 87 psi

T = b the tangential stress is

2:16-{ 52.1063“[-16.4559 + 39.3997 - .649 (k0.1305 - 6,622,26L2

9,7uu,5535_3‘3;125.8568)} - .69 [39.h396 + 873.9118
9,Thl.5535 + 13,245.3895 - 3125.8568} + 857.4559

39.3997 }

2.16-{5211063 x (-.7855) - 836.1265 + 896.855é}

41 psi
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D. At r = a, substituting the values from section III-3.A into
formula of sectlon III-2, the axial stress is

o, = - 1821.437 {357%113 [- 16,4559 + 39.3997 - .649 (L0.1305 - 6,622.2642

+ 9,74k ,5535 - 3,125.8566) ]

= - 1821.437 x .0608 x (-.7855) = BT psi

E. At r =D the axial stress is

Q
It

. =" 1821.&37-{.0608 x (~.7855) - .649 - .280 + 1:}

- 43 psi

H]

IV. Design of the Moderator (Core) Supporting Structure

1. Core support-grid mechanical design
The height required in the grid bars for those bars carrying the

greatest load 1ls determined here., Thls same methodrwas used to determine
the height of the other bars.

P2 2 Quﬂxj 3, Lo %%
w w w v .ﬂy .i
L l | R
V4\\\\%\\\;£L‘*~\\ 4,,«””/’//’///’PZT A /Af%
T

Fig. 11, Typical Core Support-Grid Bar
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.75 in.2 cross section area at the ends

_ /
wlgﬂ , helght of beam required at x - HET
55 in., length of beam : {f\ b ;

bending moment at x

2750 psi, allowsble bending stress at x

14.2 1b/in., distributed load

distance

2

1 X
5 wh(x - ':,3-') =

w _ 2
> ;Z'(Xﬂ x )

\/@ _ \/6w(£x - x%)

S
x (in. h gin.!
0 0
3 2,21
6 3.03
9 3.6
12 3.99
15 4.32
18 4,55
21 b.71
24 4.82
27 4,85
27.5 4,85

The greatest shear stress occurs at

the following manner.

1

wi

. 2A

4.2 x 55
2x .5 x 1.5

= 520 psi

to any cross section along the length

{fr'ﬁf\ f: [

(ret. 0 N

the ends and is determined

L



T TR bA°
1o
=9 (x =02 i
/OL 3
SR N LNV
=3 -T) %
= (3:068X2) (55X I oTeLkn

N gags‘mwﬁ‘ —
Q__mmg;; - }\A _

5=0633) poi
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__ : AT = R RS X
The width of the bar vhere the bending stress is the greatest is 5.5 in.
less .375 in. for core block anehoring rod. This gives 8 bending stress
of 2460 psi. Due to the shape of the bar end the low shear stress the

-

combined strese will not exceed an acceptable value.

' Spacer blocks between the grid bars maintain the spacing between the
bars and~prov1de lateral rigldity to the structure.

2. Therﬁal stress in the core support-grid bars

A section x = £/2 in the grid bar nearest the axlal centerline of
the reactor is considered. The grid consists of two regions, the upper
region being that where the graphite core blocks dowel-shaped ends
terminate. The internal heat generation rate is a maximum in the
upper region. It is assumed to be uniform throughout and all heat

generated is transferred laterally.

A UPPE:R REGION l_. Y
A < R
7 g
. e
\N ..‘j 1
1
JRT— e R —— .,,....._‘_ — .1__.
-1 S
'--.iN L ‘-4 g L ‘7'
D)
{
| [ > X

- L d SECTION'AA"
A LOWER REGION

Fig. 12, Thermal Stress Model of Support-Grid Bar
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A, The thermal stress is glven by the following equation.u

g =2 OEQ, L2
T3 {(1-v)-2.K .
B. o = Btress at x =1L
E = 24,7 x10%

K = 12.68 Btu-ft/hr-rt=-°F

Qy = 125.4 Btu/in®-hr  (in upper region)
L = .25 in/

@ = 8 x 10°%in./in.-°F

v = .3

5 = 8 x 24,7 x 125.4 x (.25)2 x 12
T x 12.68 x 3

T20 psi

Core support-grid supporting ring fasteners

~.
- CORE SHELL
~.
‘,f UPPER SUPPORTING RING

3
"'-_:/{(fg"’-‘* - NF SCREWS (coms SUPPORT GRID BAR

-

\\ 2-0i4 DOWELS

L LOWER SUPFORTING
RING

Fig. 13. Location and Arrangement of Support-Grid
Support-Rings and Fasteners

A, ILoad on the upper ring

1

a. Fﬁ = Vi (Qg - p1)

bl F

It

Buoyancy force per core block

B
Vi, = 211 in.® volwne of one core block
p1 = 117.5 1b/ft® density of core block
ps = 15 1b/ft> density of fuel salt
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e, Ty = i%%% (154 - 117.5) = 4.5 1b per block

a. F, = (&P, + op,) -T85 D% x p,
1728

e, F_ = Force due to pressure drop ecross grephlte lattice
and core blocks

AP, = .56 in. pressure drop across core blocks
AP, = 5.8 4n. pressure drop across graphite latiice
D =55.5 in. core shell I1.D.

£f. T, = (.56 + 5.8) x ‘.785 x 55.5% x %‘5%8 = 1368 1b
g Fp=TFp+ 600 F
h. F,, - total load on upper support - ring fasteners
i. F, = 1368 + 600 x 4.5 = L4068 1b

B. Mechanlcal stress in uppef support-ring fasteners

;CORE SHELL WwWALL
2 .24 -2 FH, SCREW

//§/ﬂ 8
CF
F

&

0115‘1—'

SOSONOSO SN N

Fig. 14. Loading on the Upper Support-Ring Fastencrs

The upper support ring has cross section dimensions of 3/8 in. x
5/8 in. and is fastened with 60 screws. The load per screw is determined

ag Tollows.
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B

T

T B0

= Eggg = 67.8 1b per screw
= F, ten 41°

67.8 x .869 = 60.9 1b

I

Combined axiel stress in the screw

M Py

/e K
67.8 x (L15/2)  60. _
095033575 + T68$8 = 2074 psi
shear stress is

Py
A

?%é%g = T72 psi

maximum normal stress is

Sa Sa 2
E e
2
e\ [(2) e

1037 + 1294 = 2331 psi

1§

i

meximun shear is

NN 2
)

V<§—> + SS

2
\&?%;E€> + T72% = 1294 psi

[t
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C. Mechanlcal stress in lower supporting ring fastener

The lower supporting ring is fastened by sixty-eight 3/8-in.-dias

dowels, plug welded on each end,

w

iﬁ CORE SHELL WALL

w
l /LOWER SUPPORTING RING
/\A
~

- "
i 68— g DiA. DOWELS

N

Fig. 15. Loading on the Lower Supporting Ring Fastener

The shear stress is

W
= 3

5 . 10,000 - 1332 pei

68 x .785% x .375%

. Core shell support-flange attacbed to the shell

The flange is attached to the core shell by seventy-two 3/8-in.-dia
dowels, plug welded at each end.

/CO RE SHELL WALL

I /SUPPORT FLANGE
1 2"py ELS
—/f //-// ' / 72 - 8 A . DOW

AT
.

W
w
Fig. 16. Loading on the Shell Support - Flange Attached to the ghell.
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The shear stress is

S

W

A
11,600

72 x .375% x .785

= 1460 psi

5. Core shell support-flange attached to the reactor vessel shell

The flange is attached to the vessel by two circumferential fillet

welds.

2" Tee
r*‘e

REACTOR VESSEL WALL
SUPPORT FLANGE

e
NN

i\hi N

<
Ny

-t
.T_

Fig. 17. Loading on the Shell Support Flange Attached to the Vessel Wall

A. The redial stress is given by the followlng formula.8

5
T

B < o 0 o =

1t

3 22 - 262 (m+ 1) In b R N
=1 -( I
et e2(m - 1) + p2(a + 1) -'

11,600 1b, evenly distributed load
1 in.
29 1in,
b = 28.125
-3
/v = 3.333
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3 x 11,600 { (6 666 x 28.125%2 - 2 x 292(u 333) 1n *8"i§§
r © B x 1.0002 |1 292(2.333) + (29.125)2(L,333) jﬂ

I

B
r

5536 (1 - 0.937) = 349 psi

The tangential is given by the following.8
2(m.1) - b - 2_.1)g2 a
5, = 3 [l X (jma (m-1) -~ mb2(ml) - 2(m2-1)a® 1n S ) }
2t 82(m-1) + b2(mrl)

Substituting from the values above

S = - 20 psi

N 1661 [1 - 1.012&] =

The shear stress at the outer periphery is determined by the
following.

S = W
8 na x 2 x 3/8

s o L6 o
8 xx29 x .15 - T Pps

The internal heat generation in the core shell support flanges
being apprecisbly smaller than the values reported for the reactor
vessel shell and reactor core shell results in insignificant

thermal stresses.

6. Thermal stress in the core shell

The region at the midplane where the internasl heat generation rate is

maximum is considered.
and the heat 1s transferred radially outward.

IS’CORE SHELL

| MID PLANE
2 j
-

Tl =0

Fig. 18.

b

Core Shell Thermal Strezss Model

The heat generation rate is assumed to be uniform
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A, == = . % (ref. &)

2
(%%%%§K (ref. &)

o)
Q
H

wln

Substituting from the values, section IV-2B, except @ = 7.34 Btu/hr-in.3;

2
D. o= 8x2h.7 x7.38 x (\25)x 12 - 42 psi

T x 3 x 12.68

V. Design of the Graphite Lattice

The graphite lattlce rests on the grid support bars resulting in
the longest unsupported length being in the lower lattice bars between
adjacent grid support bars. Figure 19 depicts a typical segment in
the lower lattice bars with the loads from the core block (2 blocks
loading each segment) considered as interrupted, distributed losads.

> CORE BLOCKS ~—
L Soie 1 —< N
e
—a _,F_Ci \ ] ;‘ RAPHITE LATTICE BA/RS-?W
,/ i>/ . 7
N L /. i ///
B |l =, 1 ;
o ® 17 BHEE L
Y | : 4
—> 1\ o g T2 DOWEL HOLE (Typ) /105 DA, 1
— ‘ .;_fl
R S R
AT~ 5~ SYPPORT-GRID BAR ~——

Fig. 19. Typical Segment of Lower Lattice Bars
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a = .187 in.
b = 1.812 in.
e = 1,625 in,
d = 3.187 in.
£ = 4,000 in.
W = 1k 1b, weight of one core block

The moment at A due to the load on the interval B-C is glven
by the following equa.tion.8

W /2433  6be® 3 2 A
My = - oy ('g -t 1+ Lhe® - 2ha >

M = 1h (Teh x 3.187° 6 x 1.812 x 1.625% L 3x 1.6253+
R =) 1 ' " I

I

b ox 1.6552 - 24 x 3.187é>

It

- .1h58 (-42.941) = 6.26 in.-1b

The moment at D due to the load on the interval B-C is the same

'as the moment at A due to the load on the interval G-H and is

given by the following equs.tion.8

1 W /2ha®  6be® | 33 . 2 >
Mz = 3% (’ R T A 2c® - 484" + 24 dg

Mo = .1458 (19h.22 - 7.178 + 3.219 + 5.282 - L87.536 + 305.952)
Mo = .1L458 x 13.959 = 2,035 in.-1b
M =My + Mz = 6.26+ 2,04 = 8.3 in.-1b
The moment at F where x = 1 dve to the load on the interval
B-C is:8
2

Mz = - M+ Rix - 1/2 Eﬂéii%iil~ :

2

= - 8.3+ 14 - 5 x W(.613)% 2.85 in.-1b

1.625
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The moment at E due to the load on the interval B-C is the
same as the load at F due . to the load on the interval G-H
and is given by the following with

X =3 1in.
Mg = - M+ Rix - Wix -4+ a) (rer. 8)
Mg = - 8.3+ 1h x 3 - 14(3 - b + 3.187) = 3.082 in.-1b

stresses at critical points are as follows.

The bending stress at F is:

Mc

Sy = 7

n

s, - (M3 + Mg)(.925/2) - 80 psi
%5(1.625_- 1.105)(.925)°

The bending stress at A is

Me
5g = T
s, - 8.3(.925/2)  _ 36 pet

=
T5(1.625)(.925)°

The shearing force at A' is Ry = 14 1b and et F is Ry/2 = T 1b.
Thus the highest shear stress is at F due to the greatly reduced

ares.

The shear stress at F is (see Figs. 19 end 20),

- Ry/2
s A

/2
s (1.625 - 1.105) .925

= 14.5 psi




c

b1

CORE BLOCK
vﬁe’g//
%73/ — /

’//GRAHﬂTELATTME‘BAR

SUPPORT- GFID BAR

Fig. 20. Graphite Lattice Bar Shear and
Compressive Stress Model (from Fig. 19)

compressive stress at A is

Ry
A

= 1h = U7 psi

(.25 - .062) 1.625
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VI. Critical Thermal and Mechanical Stress in the Core Blocks

B. W. Kinyon9 reported the effects of irrediation on the core blocks

and the stress that would result from restraining the bowlng.

1. Thermal stress due to internal heat generation is determined as follows.

L ,//’7T“‘\\\\\21\

/ ~_ x =y =1L
| T=
|
| x=y=0
% 2T _ 3T _
2x oy
o%r _ 7
T~ 2x%  3y?
- \’

Fig. 21. Graphite Core Block Thermal Stress Model

Assume uniform internal heat geheration and all surfaces at the

same temperature,
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a 2F 2% _ 23% _ _% (ref. U)
2x% 23y® dx2 ‘
2 2
B, T = -, 8 8 (2,2
K LK hx \
c. o = OE& |2 LZ (ref. u)
' ~ IK(TI-v) 3 t
B
D. L = 357t
K = 12 Btu-ft/hr-ft2-°F
E = 3 x 10° psi
Q = .05 x 1.033 x 10° Btu/hr-ft°
v = .3
¢ = .56 x 10°® in./in.-°F

E. At x = L, the thermal stress is

- 9B |=
¢ T EK(T-V) {3 La}
.56 x 3 x .05 x 1.033 x 10° [2 (_.-g 2j|

Q
i

b x 12 x .7 3 \12)

T.6upsil".

Q
i}

The mechanical stress in the core block anchoring extension is determined

as follows.

":J

-DOWEL SHAPED END OF
| /COF\’E BLOCK

A A
i 1
[ i
o
-/ 2—+

Fig. 22, Loading on the Dowel-Shaped End of a Core Block




oI S o v I ¢

o

e

PK

A

Tensile stress at A-A

Load due to flotatlon and pressure drop across core
Area at A-A

Stress concentration factor (2.1)

Fp + Fp, per block (see section III-3)
154
L5 + 6.36 (2 x2) x 1758 = 6.76 1b per block
Use 7 1b
Tx 2,1

T - 315 - ST el
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VIL., Mechanical Design of the Support Lugs

The reactor is suspended from the top section of the thermsl
shield by twelve 1-1/lh-in,-dia rods. An eye on the lower end of

the rod is engaged by & pin through lugs welded to the reactor
vessel shell (Fig. 23).

i

A
2

A

-

W

=
-
x

%

/ / £ REACTOR
SUPPORT /I;T vessz-:’xj
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Fig. 23 Sketech of the reactor vessel support lugs

The principal stresses at points A and B are determined as follows:

L7
“q
"4“".5 ™ b= g8 THE
ﬂ _’_B!ZSO}I: /,vz

Fig. 24 Ioading on the reactor support lugs
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l. Bending and shear stresses where the lugs join the vessel,

A. | cy = EE%
B. T, = %E
Ty2 ~ 7%522_3 = 556 psi

2. In the vessel wall the stresses due to design pressure are,

A, circumferential

_PD

9% T %
g, = 29—%—22 = 1475 psi

B. longitudinal

Op = 5= = 738 psi

3. The principal stresses at A and B are given by the following eq_uation,5

2 2
-(o, + o + UZ)S +(orxcy + 0.0, +0.0, - T, )s

g7

(oo o0 -0 2) =0
Xy 2 X yz



o = 1475 psi
Uy =~1667 psi
g

. = 738 psi
Ty = 556 psi
X
Fig. 25 Stresses in the vessel wall at A
4, The principal stresses at A are,
3 2
8° - s5has™ - 2,600,521 S + 2,270,588,450 = o
5+ - 1790 psi
= 1472 psi
= 560 psi
Z
A%z o, = 1475 psi
o, = 1667 psi
o = 738 psi
B 2
556 psi
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Fig, 26 Stresses in the vessel wall at B
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5. The prinecipal stresses at B are,
57 - 3880 5° + U,468,485 S - 1,358,637,250

5 2 1920 psi
o= 1485 psi
o~ W75 psi

6. The contact stresses where the support rod engages the support

lugs is glven by the following equation,

S =0.591 \l PE Dl - Dg Dy = Hole dia P = Load/linear
¢ Dl X De D2 = Pin dia E = 2)4.‘7 b'e 106

15 1.265 x 1.25

o = 0.591 \’3.90 X 108 = 11,676 psi

This contact stress is less than two-thirds the yleld stress

S =0.591 q}_zég x 2h.7 x 106 (1.265 - 1.25)

tn
I

but considerably higher than two-thirds the stress necessary
to produceflls1% creep in 10,000 hr. As a result a minute amount
of creep will occur, which increases the contact area, rapidly

lowering the stress to an acceptable value.

VIII. Molybdenum Band Design

The core blocks are restrained from excessive bowing by five
molybdenum bands spaced over an 18-in.-long section symmetrical
about the midplane. The bands are joined by rivets with a single

cover plate.
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Band 1/8-in. thick

Al
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Fig. 27 1Loading in molybdenum bands

Assume uniform loading on the rivets.

The various stresses
are determined as follows:

1. P = 11300 = 2200 Ib (ref. 9)
2 A, Bearing stress between rivets and bands:
SB=£@
A
g 2200

B =8 x 1/2 x 1/8 = o070 psi

B, Shearing stress in the rivets:
7
5 AQ
2200
8

51 T 6 x .785 x .52 1870 psi
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C. Shearing stress in the bands:
s, _2/6
2 A5

_ 2200 B
552 "fTx1/8x2x1.605 - 705 psi

D. Tensile stress at 1-1, 2-2 and 3-3 (Fig. 27):
a. S =M
t A
1 L
_ 2200 - 2200/6 _
Stl = 1/8(% - 1/2 - 1/3y = 1088 psi
| P
\ b, 8, _ —
ty = A
_ 2200 _
“t, = I/B( - 1/2) 9029 pel
P
c. S = =
ty  Ag

2200

56, = T/8 x 3 = 97 e

IX. Cooling of the Control Rods

In MSR-61-54 J., H. Westsik reported the highest temperature and
the temperature distribution that would occur in the rod with no cool-
ing air. The maximum temperature was reported to be 14270F at the
inside can of the B4C rod segment. Assuming the flexible hose on which
the control rod segmente are threaded is at a uniform temperature of
lETSOF, while gir is flowing, the temperature rise of the air and the
amount of air required are determined. The rod is considered to con-
sist of six sections and mean values of the air properties (c?, H, k, etc.)

for each section are used.
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1. The following assumptions and conditions are used.

A - inside area of a section of the flexible hose

c.. - mean speclfic heat

- mass velocity

= .625 in. ID of the flexible hose

film coefficient, metal-to-air in the flexible hose
= 66 in., length of the rod

= 2000 Btu/hr heat to be removed per rod

4Ot - temperature difference

Lo T e = N o B s W o
t

w - amount of air required - lb/hr
amm - log mean At of the gix through one section of the rod

2. Assuming an air outlet temperature‘at the lower end of the rod
of 1000°F, the amount of air required is:

we= —3
Cp At
1b
2000 =
W o= 5571000 - 200) 10 hr per rod

5. Consldering the rod as consisting of six sections, the temperature
rise of the air is determined from the following equations:

A, hAAy =v cp(tb, - ta,') See Fig. 28

ta 5,
FLEX., HOSE TEME ¢
Al

AlR TEMR-in

m

Fig. 28 Temperature distribution in g section of the
control rod
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B. A (t 't )"(tb”t (Ref. 20)

1n (t - ‘t |)

(t, - t.1)

’ 7). .8
c. n='95 [1 + (/L) ] °p (Ref. 10)
(Pr) .66?’( ) 0.14 E;).E
Mo
D. Substituting from above and simplifying results in the
following:
16.15 cp
Py

fl

' 1 h
b. (tb - tb.) ﬁ%(té - ta,) - E; 10163i]
From the above equations the témperature of the air at the lower end
of the rod when Tully inserted is estimated to be llBOOF, the heat
removed 2350 Btu/hr with an air flow rate of 10 1b/hr.

Should the air supply fail, all the heat generated in the rod
and thimble must be transferred to the fuel salt by conduction from
the thimble. At the midplane, where the heat generation rate is
2.5 w/c5, the maximum temperature difference (At) between the mean
fuel temperature and thimble is determined in the following analysis
by W. H. Ford.

The thimble surface is considered as a flat surface with a mirror
image equidistant from an adiabatic surface (see Fig. 29).




Fig. 29
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Cross Section of Control Rod Thimble in Graphite
Matrix and Mathematical Model
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The temperature difference is determined as follows:

Ot lTFl - 14

2
Qf | 35
k
1 1 4q
where F© = 1 - T4 aA
g LG8
d = 0.414 in. Distance from thimble surface to adisbatic
surface
Btu-in,
99 12.27 - ' Heat flux per inch of rod length at the midplane
dA hr-in.%
k = 3.5 Btu-ft/nr-ft° °F Thermal conductivity of the fuel
Qf = 2985 Btu/hr-in.3 Heat generation rate in the fuel around
the thimble
At = Temperature difference between the thimble surface and

mean fuel temperature

at = 12°F o
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Appendix A

DESIGN DRAWINGS OF THE MSRE CORE NO. 1

Drawing Number Title
E-BB-BL4OLOO Reactor Assembly Plan
E-BB-B4OLOL Reactor Assembly Section, Sheet No. 1
E-BB-BLOLO2 Reactor Vessel Shell, Flow Distributor and
Bottom Head Assenmbly
D-BB-B40L0O3 Reactor Vessel Bottom Head Assembly
D-BB-BhOLOL Reactor Vessel Head Top
D-BB-BLOLOS Reactor Vessel Head - Bottom Detalls
D-BB-BLOLO6 Reactor Vessel Shell
D-BB-BLOLOT Reactor Vessel Flow Distributor Assembly
D-BB-BLOLOS Reactor Vessel Flow Distributor Details, Sheet No.
D-BB-BhOL09 Reactor Vessel Flow Distributor Details, Sheet No.
D-BB-B40OL10 Reactor Core Shell Assembly
D-BB-BLOL1L Reactor Core Shell Details, Sheet No. 1
D-BB-BLOL12 Reactor Core Shell Details, Sheet No, 2
D-BB-BLOk13 Reactor Core Grid Assembly
D-BB-BLOL1Y Reactor Core Grid Details, Sheet No. 1
D-BB-BiOk15 Reactor Core Grid Details, Sheet No. 2
D-BB-BLOk1E Reactor Core Block Assembly Plan
‘D-BB-B4OL1T Reactor Core Block Details, Sheet No. 1
D-BB-BhO418 Reactor Core Block Detells, Sheet No. 2
D-BB-B40419 Reactor Core Block Details, Sheet No. 3
D-BB-B4ok20 Reactor Core Lattice Block Assembly
D-BB-BhoL21 Reactor Core Lattice Block Details, Sheet No. 1
D-BB-BLOk22 Reactor Core Lattice Block Details, Sheet No. 2
D-BB-B4Ok2k Reactor Core Block Centering Bridge
D-BB-BLokL25 Moly~-Band Assembly and Details
. D-BB-BLoL27 Reactor Core Flow Restrictor Ring - Assembly
' and Details
D-BB-B4OL29 Reactor Core Shell Details, Sheet No. .3
" D-BB-BLOLOL Reactor Core Block Details, Sheet No. k4
D-BB-B4OLG2 Upper Moly-Band Assembly end Details
D-BB-BLOLY3 Reactor Core Block and Grid Assembly - Section
D-BB-B4OLgL Reactor Core Block and Core Shell Assembly
D-BB-BLO581 Reactor Core Block Details, Sheet No. 5
D-BB-BLO585 Reactor Access Plug Air Cooling Manifold Assembly
D-BB-BLOS86 Reactor Access Plug Alr Cooling Manifold Details
D-BB-BL0O58T Reactor Graphite Sampler Assembly
D-BB-BLO588 Reactor Graphite Sample Access Plug, Alr Inlet
' end Outlet Assys. and Detalls
D-BB-BL0589 Reactor Graphite Sample Retelning Rod, Support
Rack and Sample Assys. and Detalls
D-BB-B40590 Reactor Control Rod Guide Bar Assembly and Details
E-BB-BLO594 Reactor Assembly Section, Sheet No. 2

E-BB-BLO595 Reactor Access Nozzle and Accese Plug Assenmblies



D-BB-BLO596
E-BB-BY0597

E-BB-B40598
E-BB-BL0599
D-BB-BLO600
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Reactor Nozzle and Access Plug Cooling Details

Reactor Nozzle Air Cooling Manifold Assembly
and Details

Reactor Control Rod Thimble Assembly and Detalls

Reactor Access Plug Shell Assembly and Detalls

Reactor Control Rod Assemblies and Details
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